The non-protein amino acid γ-aminobutyric acid (GABA) has been proposed to be 26 an ancient messenger for cellular communication conserved across biological 27 kingdoms. GABA has well-defined signalling roles in animals; however, whilst 28 GABA accumulates in plants under stress it has not been determined if, how, where 29 and when GABA acts as an endogenous plant signalling molecule. Here, we 30 establish that endogenous GABA is a bona fide plant signal, acting via a 31 mechanism not found in animals. GABA antagonises stomatal movement in 32 response to opening and closing stimuli in multiple plant families including dicot 33 and monocot crops. Using Arabidopsis thaliana, we show guard cell GABA 34 production is necessary and sufficient to influence stomatal aperture, 35 transpirational water loss and drought tolerance via inhibition of stomatal guard cell 36 plasma membrane and tonoplast-localised anion transporters. This study proposes 37 a novel role for GABA -as a 'stress memory' -opening new avenues for improving 38 plant stress tolerance. 39
become a preeminent model system for investigating plant cell signalling 6 resulting 48 in the elucidation of many critical pathways involved in plant biotic and abiotic 49 stress tolerance 7, 8, 9 . 50 51 GABA signalling in mammals relies upon receptor-mediated polarization of 52 neuronal cell membranes 10, 11 . Speculation that GABA could be a signal in plants 53 is decades old 12 , but a definitive demonstration of its mode of action remains 54 elusive. The discovery that the activity of Aluminium-activated Malate Transporters 55 (ALMTs) can be regulated by GABA 13 represents a putative mechanism by which 56 GABA signals could be transduced in plants. Stomatal guard cells contain a 57 number of ALMTs that impact stomatal movement and transpirational water loss 14, 58 15, 16 . Therefore, guard cells represent an ideal system to test whether GABA 59 signalling occurs in plants. 60
61
In this study, we give the first definitive demonstration that GABA is legitimate plant 62 signalling molecule by showing the mechanism by which it acts in stomatal guard 63 cells. Although guard cell signalling is relatively well defined 6, 17 , our work uncovers 64 a new pathway regulating plant water loss. Significantly, we show that GABA does 65 not initiate stomatal movement, rather it antagonises movement via negative 66 regulation of guard cell plasma membrane and tonoplast ion transport. Specifically, 67
we find that GABA increases under a water deficit and inhibits ALMT9 activity. 68 ALMT9 is a major pathway for mediating anion uptake into the vacuole during 69 stomatal opening; its inhibition by GABA reduces stomatal opening during a water 70 deficit which reduces transpirational water loss and confers improved plant drought 71 tolerance. As such, we propose that GABA is a prime candidate molecule to confer 72 a 'memory' of water stress in guard cells 18 . 73 74 Results 75
GABA antagonises stomatal movements 76
To validate whether GABA is a physiological signal that modulates stomatal 77 movement, our initial experiments used excised Arabidopsis thaliana epidermal 78 strips where guard cells are directly accessible to a chemical stimuli 8, 19, 20, 21 . 79 Interestingly, when applied under constant light or dark conditions, exogenous 80 GABA or its analog muscimol 22 did not elicit a change in stomatal aperture. Instead 81 we found that both compounds suppressed dark-induced stomatal closure and light-induced opening ( Fig. 2a, b ; Supplementary Fig. 1a-b) . We observed the 83 same behaviour in intact leaves. In response to a dark-to-light transition, leaves 84 fed muscimol through the petiole dampened gas exchange rates, consistent with a 85 slower rate of stomatal opening ( Supplementary Fig. 1c -e). We tested whether our 86 results could be explained by GABA or muscimol treatment killing guard cells, 87 which prevented their movement, by performing a washout experiment on 88 epidermal strips. As would be expected from viable cells, after removal of the 89 GABA or muscimol treatment we found that stomatal guard cells responded to a 90 dark treatment by closing the stomatal pore ( Supplementary Fig. 2a , b); controls 91 that received constant light remained open ( Supplementary Fig. 2a, b) . 92
Collectively, these data indicate that GABA signals would likely act to modulate 93 stomatal movement in the face of a stimulus rather than stimulating a transition 94 itself. 95
96

GABA is a universal stomatal behaviour modifier in valuable crops 97
To test whether GABA is a universal modulator of stomatal control, we explored 98 whether GABA or muscimol treatment of epidermal strips attenuated stomatal 99 responses of other plant species to light or dark transitions, including the dicot 100 crops Vicia faba (broad bean), Glycine max (soybean) and Nicotiana benthamiana 101 (tobacco-relative), and the monocot Hordeum vulgare (barley) ( Supplementary Fig.  102 3). The widespread inhibition of movement observed suggests that GABA is a 103 universal 'brake' for stomatal movement in plants. 104 transcription and GABA accumulation exhibit diurnal regulation, except during 141 stress when both are constitutively high 25 . GABA usually peaks at the end of the 142 dark cycle prior to stomatal opening and reaches a minimum when stomatal 143 conductance is at its maximum near subjective midday 25 . These data are 144 consistent with GABA not only playing a role to slow and minimise stomatal 145 opening under stress, but also indicates that GABA could fulfil this role under non-146 stressed conditions. The high stomatal conductance phenotype of the gad2 plants 147 under well-watered conditions would also seem to indicate that GABA is a vital 148 component in regulating stomatal control and water loss even under non-watered 149 limited conditions. 150
151
The expression pattern of GAD2 was examined. Histochemical staining 152 corroborated that GAD2 is highly expressed in leaves, particularly in guard cells 153 ( Supplementary Fig. 6a, b ). GAD2 is a cytosolic enzyme 26 . To examine if cytosolic 154 GABA biosynthesis within the guard cell was sufficient to modulate transpiration 155 we expressed -specifically in the guard cell 27 -a constitutively active form of GAD2 156 (GAD2Δ) 26, 28 . This led to a large increase in leaf GABA accumulation (Fig 4a) , and 157 to complementation of the steady-state stomatal conductance and aperture 158 phenotypes of gad2 plants to wildtype levels (Fig 4b, c ; Supplementary Fig. 6c, d) ; 159 no change in stomatal density was detected ( Supplementary Fig. 6e ). The faster 160 opening and closure kinetics of gad2-1 were recovered to wildtype-like rates by 161 guard-cell specific expression of GAD2Δ ( Fig. 4d, e ). Drought-sensitivity of gad2 162 plants, compared to wildtype, was also abolished by guard cell specific expression 163 of GAD2Δ ( Fig. 4f, g) . In contrast, when GAD2Δ was specifically expressed in gad2 164 spongy mesophyll 29 , we detected a significant increase in leaf GABA but no change 165 in stomatal conductance ( Supplementary Fig. 7a-d ). In a further experiment we 166 expressed full length GAD2 under a guard cell-specific promoter 167 (gad2/GC1::GAD2). This did not complement the high stomatal conductance of the 168 gad2-1 line to wildtype levels under standard conditions, whereas its constitutive expression (driven by pro35S-CAMV) did ( Supplementary Fig. 7e -j). Interestingly, 170 under drought gad2-1/GC1::GAD2 lines reduced their stomatal conductance 171 significantly more than that of gad2-1 plants and had similar leaf RWC comparable 172 to wildtype plants following 5 days of drought ( Supplementary Fig. 7e -h). This 173 suggests that the GAD2 regulatory domain removed in GAD2Δ is important in 174 stimulating GABA production under drought. Collectively, these data demonstrate 175 that guard-cell specific cytosolic GABA accumulation is sufficient for controlling 176 stomatal aperture and transpiration under drought, but suggests a role for other 177 cell-types in fine tuning GABA signals under standard conditions. 178
179
When GAD2Δ was specifically overexpressed in the guard cells of wildtype 180
Arabidopsis plants, the stomatal conductance of transgenic plants in standard and 181 drought conditions was lowered (Fig 5a, b) . As a consequence, the plants 182
overexpressing GAD2Δ in the wildtype background maintained higher leaf RWC 183 than wildtype plants after 10-days of drought treatment (Fig 5c, d ). Furthermore, a 184 greater percentage of plants overexpressing GAD2Δ in the wildtype background 185 survived following re-watering after a 12-day drought treatment (Supplementary 186 Fig. 8 ). As such, we show here that GABA overproduction can lower water loss 187 and improve drought tolerance. 188
189
GABA negatively regulates activity of ALMTs in guard cells 190
ALMTs are plant-specific anion channels that share no homology to Cys-loop 191 receptors except a region of 12 amino acid residues predicted to bind GABA in 192 GABAA receptors 13, 22 . In animals, ionotropic GABA receptors are stimulated by 193 GABA; in contrast, anion currents through ALMTs are inhibited by GABA 10, 11 . To 194 investigate whether ALMTs constitute the mechanism by which GABA signals are 195 transduced in plants, we examined the GABA sensitivity of T-DNA insertional 196 mutants that lack expression of two guard cell localised Arabidopsis ALMT 197 proteins. 198 199 ALMT9 is the dominant tonoplast-localised channel involved in anion uptake into 200 guard cell vacuoles during stomatal opening, but has no documented role in 201 closure 15 . We hypothesised that GABA might target and inhibit ALMT9 activity to 202 reduce the rate or extent of stomatal opening. To test this we crossed two almt9 203 alleles (almt9-1 and almt9-2) with gad2-1. We found that, similar to gad2, both 204 double mutants (almt9-1/gad2-1 and almt9-2/gad2-1) maintained low GABA 205 accumulation in their leaves ( Fig. 6 ; Supplementary Fig. 9a-d ). However, unlike 206 gad2, both almt9-1/gad2-1 and almt9-2/gad2-1 had wildtype like stomatal 207 conductance ( Fig. 6 ; Supplementary Fig. 9a-d ). We also tested the GABA 208 sensitivity of single almt9 mutants. We found, in contrast to wildtype, that light-209 induced stomatal opening in almt9 lines was not sensitive to exogenous GABA or 210 muscimol ( Fig. 7a, b ; Supplementary Fig. 9e , f), whereas dark-induced stomatal 211 closure in amlt9 retained in its GABA sensitivity ( Fig. 7c, d ; Supplementary Fig.  212 9g, h). These results are consistent with GABA reducing stomatal opening via 213 negative regulation AMLT9-mediated Cluptake into guard-cell vacuoles. 214
Furthermore, it strongly indicates the corollary of this finding, that the higher 215 stomatal conductance phenotype of gad2 is the result of greater ALMT9 activity 216 due to its lack of inhibition by GABA. 217
218
We further tested this hypothesis by attempting to complement almt9 plants with 219 either the native channel or a site-directed ALMT9 mutant (ALMT9 F243C/Y245C ). The 220 mutations within ALMT9 F243C/Y245C are in the 12 amino acid residue motif that 221 shares homology with a GABA binding region in mammalian GABAA receptors 13, 222 22 . Mutations in the aromatic amino acid residues in this motif have been shown for 223 other ALMTs to result in active channels that are not inhibited by GABA when 224 tested in heterologous systems 30 . However, no in planta tests of whether these 225 mutations in the GABA binding site of ALMT result in a transport competent protein 226 that lacks GABA sensitivity have been performed to date. Here, we found that -similar to almt9 lines -stomatal opening of almt9-2 expressing ALMT9 F243C/Y245C 228 were insensitive to GABA, unlike wildtype plants and native ALMT9 expression line 229 2 ( Fig. 7e ). Furthermore, the steady state stomatal conductance of both 230 ALMT9 F243C/Y245C lines were significantly greater than that of wildtype and almt9 231 lines (Fig. 7f ). This result indicates that we successfully complemented almt9 with 232 an active but GABA-insensitive form of ALMT9, and that this increased 233 transpirational water loss over wildtype levels. These data are completely 234 consistent with ALMT9 being a GABA target, and through this process GABA 235 regulating plant water loss, even under non-stressed conditions. The effect of 236 GABA is then amplified under a water deficit when its concentration increases. We 237 propose that GABA accumulation has a role in promoting drought tolerance by 238 reducing the amplitude of stomatal re-opening each morning, which minimises 239 whole plant water loss. As such, the GABA-ALMT interaction is a strong candidate 240 for constituting the ABA-independent stress memory of a decreased soil water 241 status that has been previously proposed without mechanistic attribution 31, 32 . 242
243
Next we examined plasma membrane-localised ALMT12, which is involved in 244 stomatal closure but not opening 14 (Fig. 1 ). We observed that, unlike wildtype 245 plants, closure of almt12 knockouts were insensitive to GABA or muscimol when 246 transitioning from light-to-dark ( Fig. 8a; Supplementary Fig. 10a ). In contrast, 247 stomatal opening of almt12 lines showed wildtype-like sensitivity to GABA or 248 muscimol when transitioning from dark-to-light ( Fig. 8b; Supplementary Fig. 10b ). 249
These data indicate that ALMT12 is a plasma membrane GABA target that affects 250 stomatal closure in response to dark. Guard cells express additional ALMTs 16, 33 ; 251 however, the stomatal pore apertures of almt9 x almt12 double knockouts exhibited 252 no sensitivity to GABA or muscimol following light and dark transitions ( Fig. 8c, d ; 253 Supplementary Fig. 10c, d ). This indicates that ALMT12 and ALMT9 are the major 254 GABA targets modulating stomatal movement, and that additional experiments are 255 required to resolve whether other ALMTs further contribute to GABA-regulation of 256 stomata ( Fig. 9) . 257 258 Discussion 259
GABA concentration oscillates over diel cycles and increases in response to 260 multiple abiotic and biotic stresses including drought, heat, cold, anoxia, wounding 261 pathogen infection and salinity 23 . ALMT have been implicated in modulating 262 multiple developmental and physiological processes in plants 14, 15, 16, 34, 35, 36 263 including those underpinning nutrient uptake and fertilization that are affected by 264 GABA 13, 37 . Therefore, our discovery that GABA regulates ALMT to form a novel 265 and physiologically relevant signalling mechanism in guard cells is likely to have 266 broad significance beyond stomata, particularly during plant responses to 267 environmental transitions and stress. GABA's effect on stomata appears to be 268 conserved across a large range of crops from diverse clades including important 269 monocot and dicot crops, indicating that GABA is stomatal signal of economic 270 significance. As we find that the genetic manipulation of cell-type specific GABA 271 metabolism can reduce water loss and improve drought performance our work 272 opens up a new frontier of research for manipulating crop stress resilience. 273
Furthermore, as we provide the first conclusive proof that GABA is a plant signalling 274 molecule and not just a plant metabolite 12, 18 , we definitively demonstrate that 275 GABA is an endogenous signalling molecule beyond the animal and bacterial 276 kingdoms, enacted through distinct and organism specific mechanisms.
METHODS 278
Plant materials and growth conditions. almt9-1 (SALK_055490), almt9-2 (WiscDsLox499H09), almt12-1 (SM_3_38592) 299 and almt12-2 (SM_3_1713) were selected as described previously 14, 15 . The double 300 mutant lines gad2-1/almt9-1, gad2-1/almt9-2, almt9-2/12-1 and almt9-2/12-2 were 301 obtained respectively from crossing the respective mutants. The mesophyll 
Gene cloning and plasmid construction 316
For guard-cell specific complementation, the constitutively active form of GAD2 317 with a truncation of calmodulin binding domain (GAD2Δ) 26, 28 and the full-length 318 GAD2 coding sequence (GAD2) was driven by a guard-cell specific promoter GC1 319 (-1140/+23) 27 , as designated GC1::GAD2Δ and GC1::GAD2 respectively. PCR 320 reactions first amplified the truncated GAD2Δ with a stop codon and GC1 promoter 321 (GC1) separately using Phusion ® High-Fidelity DNA Polymerase (New England 322
Biolabs)
with the primer sets: GAD2_forward (5'-323
CACTACTCAAGAAATATGGTTTTGACAAAAACCGC-3') and 324
GAD2_truncated_reverse (5'-TTATACATTTTCCGCGATCCC-3'); GC1_forward 325 (5'-CACCATGGTTGCAACAGAGAGGATG-3') and GC1_reverse (5'-326 ATTTCTTGAGTAGTGATTTTGAAG-3"). This was followed by an overlap PCR to 327 fuse the GC1 promoter to GAD2Δ (GC1::GAD2Δ) with the GC1_forward and 328
GAD2_truncated_reverse primer set. The same strategy was used to amplify 329 GC1::GAD2Δ without a stop codon (GC1::GAD2Δ-stop), GC1::GAD2 and 330 GC1::GAD2 without a stop codon (GC1::GAD2-stop) with different primer sets: 1) 331 GC1::GAD2Δ-stop amplified with GAD2_forward and GAD2_truncated-332 stop_reverse (5'-TACATTTTCCGCGATCCCT-3'); 2) GC1::GAD2 amplified with 333 GAD2_forward and GAD2_reverse (5'-TTAGCACACACCATTCATCTTCTT-3'); 3) CACACCATTCATCTTCTTCC-3'). The fused PCR products were cloned into the 336 pENTR/D-TOPO vector via directional cloning (Invitrogen). pENTR/D-TOPO 337 vectors containing GC1::GAD2Δ or GC1::GAD2 were recombined into a binary For GAD2 expression analysis, a 1 kb sequence upstream of the GAD2 start codon 360 was designated as the GAD2 promoter (pGAD2) and amplified using primer set 361 proGAD2_F (5'-ATTTTGAATTTGCGGAGAATCT-3') and proGAD2_R (5'-362 CTTTGTTTCTGTTTAGTGAAAGAGAA-3'). The pGAD2 PCR product was cloned 363 into pCR8/GW/TOPO via TA cloning and recombined via a LR reaction into the 364 pMDC162 vector containing the GUS reporter gene for histochemical assays 40 . 365
The binary vectors, pMDC32, pMDC99, pMDC107, pMDC162 and pTOOL5 366 carrying sequence-verified constructs were transformed into Agrobacterium strain 367 AGL1 for stable transformation in Arabidopsis plants. 368 369
Stomatal aperture and density measurement 370
Soil-grown Arabidopsis (5-6 week-old) were used for stomatal aperture and density 371 measurements. Two to three week-old soybean, broad beans and barley, and 5-6 372
week-old tobacco were used for stomatal aperture assays. Epidermal strips from 373
Arabidopsis, soybean, faba bean and tobacco were peeled from abaxial sides of 374 leaves, pre-incubated in stomatal measurement buffer containing 10 mM KCl, 5 375 mM L-malic acid, 10 mM 2-ethanesulfonic acid (MES) with pH 6.0 by 2-Amino-2-376 (hydroxymethyl)-1,3-propanediol (Tris) under light (200 µmol m -2 s -1 ) or darkness, 377 and transferred into stomatal measurement buffer with blind treatments as stated 378 in the figure legend. For barley epidermal stomatal assays, a modified method was 379 used 42 : the second fully expanded leaf from 2 week-old seedlings was used as 380 experimental material, leaf samples were first detached and bathed in a modified 381 measurement buffer (50 mM KCl, 10 mM MES with pH 6.1 by KOH) under light 382 (150 µmol m -2 s -1 ) or darkness for 2 h, then pre-treated in the same buffer with or 383 without 1 mM GABA for 0.5 h; after this pre-treatment, samples were incubated in 384 continuous dark, light, light-to-dark or dark-to-light transition for an additional 1 h 385 as indicated in the figure legend before leaf epidermal strips were peeled for 386 imaging. For Arabidopsis stomatal density measurement, epidermal strips were 387 peeled from abaxial sides of young and mature leaves, three leaves per plants, 388 three plants per genotype. Epidermal strips for both aperture and density 389 measurement were imaged using an Axiophot Pol Photomicroscope (Carl Zeiss) 390 apart from the barley epidermal strips imaged using an Nikon Diaphot 200 Inverted 391
Phase Contrast Microscope (Nikon). Stomatal aperture and density were analyzed 392 using particle analysis (http://rsbweb.nih.gov/ij/). 393
Stomatal conductance measurement 395
All stomatal conductance measurements were performed on 5-6 week-old 396 Arabidopsis plants. The stomatal conductance determined by the AP4 Porometer 397 (Delta-T Devices) was calculated based on the mean value from two to three leaf 398 recordings per plant (Fig. 3b, 4c, 5b, 6a, b, 7f ; Supplementary Fig. 7d, h, j) . The 399 stomatal conductance was also recorded using LI-6400XT Portable 400
Photosynthesis System (LI-COR Biosciences) equipped with an Arabidopsis leaf 401 chamber fluorometer (under 150 µmol m -2 s -1 light with 10% blue light, 150 mmol 402 s -1 flow rate, 400 ppm CO2 mixer, ~50 % relative humidity at 22 °C) as indicated 403 ( Fig. 4d, e ). The stomatal conductance of the detached leaf assay was measured 404
using LCpro-SD Portable Photosynthesis System (ADC Bioscientific) with 350 405 µmol m -2 s -1 light, 200 µmols s -1 flow rate and 400 ppm CO2 at 22 °C 406 ( Supplementary Fig. 1c-e ). The detached leaf was fed with artificial xylem sap 407 solution modified as described 43 
GUS histochemical staining assays 423
A GUS histochemical assay was performed using the methods described 424 previously 44 . 3-4 week-old transgenic pGAD2::GUS plants were stained in buffer 425 containing 50 mM Na phosphate pH = 7.0, 10 mM EDTA, 2 mM potassium 426 ferrocyanide, 2 mM potassium ferricyanide, 0.1% (v/v) Triton X-100, 0.1% (w/v) X-427
Gluc (5-bromo-4-chloro-3-indolyl β-ᴅ-glucuronide) during a 1.5 h incubation at 37 428 ºC in the dark. The stained plants were destained in 70% ethanol. GUS-stained 429 plants were imaged using an Axiophot Pol Photomicroscope (Carl Zeiss). Source data for Figs. 1-9 and Supplementary Figs. 1-10 are provided with the 514 paper. Sequence data used in this paper can be found in The Arabidopsis 515
Information Resource (TAIR) database (https://www.arabidopsis.org/) under the 516 following accessions: GAD1 (At5g17330), GAD2 (At1g65960), GAD3 (At2g02000), 517 GAD4 (At2g02010), GAD5 (At3g17760), GABA-T (At3g22200), ALMT9 518 (At3g18440), ALMT12 (At4g17970), RD29A (At5g52310) and RD22 (At5g25610). 519
Other data that support the findings of this study are available from the 520 corresponding author upon request. 521 522 Acknowledgements 523
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